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Introduction {#s0005}
============

Proteins are critical components in all cellular processes and display an impressive number of diverse functionalities. In order to be active, most proteins need to assemble into a three-dimensional structure that is encoded by its amino acid sequence. A basic protein unit is the domain, which is defined as an independently folding unit. Significant efforts have been placed on hierarchically classifying domains into categories, such as the CATH \[[@bb0005]\], SCOP \[[@bb0010]\], and ECOD \[[@bb0015]\] databases. To date, SCOP classifies over 290,000 domains according to their architecture and topology into more than 1200 folds that have been previously considered to be evolutionarily unrelated. Although domains have thus long been defined as the basic evolutionary unit \[[@bb0020], [@bb0025], [@bb0030]\], their origin itself has been investigated in recent years.

Although a *de novo* assembly of folded proteins or domains by random concatenation of amino acids is not entirely impossible \[[@bb0035]\], it is statistically implausible \[[@bb0040]\]. Several recent studies suggest that domains originate from smaller fragments that have been duplicated, recombined, and differentiated. Alva *et al*. clustered representative domains by their sequence similarity and represented them in a Cartesian space. The distance among points was inversely proportional to their sequence similarity. The authors found in many instances links between superfamilies of the same fold, and in some cases, between different folds \[[@bb0045]\]. Nepomnyachiy *et al*. represented the protein universe *via* networks \[[@bb0050]\], where the nodes represent domains and the links connected nodes that share a *fragment*, namely, a sub-domain sized protein segment of similar sequence and structure. By varying the thresholds that define a fragment, the authors tried to reproduce the SCOP definition of folds, i.e. separate island-like network components that encompass structurally similar domains. While they were able to find optimal parameters that successfully separate folds from all-β and α + β classes, this was not the case for the all-α and α/β classes: trying to isolate domains from the same folds inevitably connected domains from other folds. The results suggested that several fragments have been reused throughout evolution and thus appear today in different protein contexts.

We previously identified one of these α/β fragments. The (βα)~8~-barrel or TIM-barrel fold is one of the most successful scaffolds in evolution. In an extensive database search, structural similarity between a half-barrel and the flavodoxin-like fold was identified \[[@bb0055]\]. Based on these findings, it was possible to design a chimeric (βα)~8~-barrel through the combination and optimization of parts of imidazole glycerol phosphate synthase (HisF) and the chemotaxis response regulator CheY both from *Thermotoga maritima* \[[@bb0060]\]. In a follow-up study, the combination of HisF with another member of the flavodoxin-like fold, the nitrite response regulator NarL from *Escherichia coli*, led to a protein with even higher stability \[[@bb0065]\].

While the first comparison of the (βα)~8~-barrel and flavodoxin-like folds was based on structure similarity, the field of sequence analysis had advanced enormously in the past years with the introduction of profile hidden Markov model (HMM) comparisons. Profile HMMs are similar to simple sequence profiles (such as position site-specific scoring matrices) \[[@bb0070]\], but in addition to the amino acid frequencies in the columns of a multiple sequence alignment, they contain the position-specific probabilities for insertions and deletions along the alignment \[[@bb0075]\]. In short, profile HMM comparisons help to detect distantly related sequences and to generate high-quality alignments below the twilight zone \[[@bb0080]\] of sequence similarity for homologous proteins \[[@bb0085]\].

We thus revisited the (βα)~8~-barrel-flavodoxin-like relationship using profile HMM comparisons and found that their structural similarity is not due to convergent evolution, but in fact due to homology \[[@bb0090]\]. Further comparisons of members of these two folds and the vast natural sequence space allowed identification of an intermediate protein family, of which one of its members, N-TM0182, was crystallized. Notably, a detailed look at the structure-based sequence alignments revealed that the highest similarity of N-TM0182 to either the (βα)~8~-barrel or the flavodoxin-like fold resides in a 45-amino-acid (αβ)~2~ fragment. Following a similar methodology, Alva *et al*. pursued the hypothesis that today\'s domains have arisen from fusion and differentiation from a set of primordial peptides present in the RNA-world. The authors identified a set of 40 peptides of up to 38 amino acids whose similarity is representative of a common descent despite being present in different folds \[[@bb0095]\].

Based on this evidence, it is plausible to propose that current folds arose through the reuse of fragments in different structural contexts. The first experiments in recombining fragments from the same \[[@bb0100], [@bb0105], [@bb0110], [@bb0115]\], as well as from different folds \[[@bb0060],[@bb0065],[@bb0120]\], have been successful in building hybrid proteins. These findings open up great opportunities for protein design, as we can now identify which fragments have been particularly successful in the course of evolution and recombine them to create new chimeras \[[@bb0125],[@bb0130]\]. Here, we investigate how many fragments can be found in today\'s protein universe. To that end, we took the SCOP database clustered at 95% sequence identity and performed a sequence- and structure-based comparison of all domains. We have made our results available as an online database named Fuzzle ([F]{.ul}old P[uzzle]{.ul}) at [fuzzle.uni-bayreuth.de](https://fuzzle.uni-bayreuth.de){#ir0005}. Our study aims to (i) understand evolutionary relationships between different folds that might not be evident at first sight and (ii) identify protein fragments that can be useful building blocks for the design of new proteins through recombination. We believe Fuzzle will be an invaluable resource for protein engineers and to elucidate the evolution of protein folds.

Results and Discussion {#s0010}
======================

Database construction and content {#s0015}
---------------------------------

The analysis is based on the hierarchically organized SCOP database \[[@bb0010]\]. To remove redundancy, we took the SCOP95 subset clustered at 95% sequence identity that contains 28,010 domains. Using HHsearch \[[@bb0075]\], we performed all-against-all pairwise profile HMM comparisons of this dataset. In order to remove structural constraints that theoretically can lead to analogous and hence false-positive hits, the predicted secondary structure of the HMM profiles was not scored when calculating the probabilities. In fact, no HHsearch hits were found for most of the analogous motifs described in Cheng *et al*. \[[@bb0135]\]. All pairwise sequence alignment hits were stored in the database. Subsequently, we measured the structural similarity for each hit in two ways: (i) by superposing and calculating the RMSD strictly using only residues aligned in the pairwise sequence alignment (RMSD~Seq~) and (ii) by using TM-align \[[@bb0140]\] to allow a structure-based superposition of the protein fragments identified by the sequence alignment (RMSD~TM~). We refer to these hits as *fragments*, i.e. significantly sized homologous protein segments of similar structure. This pipeline led to over 8 million pairwise hits that we stored in our Fuzzle database ([Figure 1](#f0005){ref-type="fig"}(a)). Each entry comprises the two SCOP domain identifiers (query and subject), their SCOP classification, the HHsearch statistics, the TM-score, and RMSD, among others ([Figure 1](#f0005){ref-type="fig"}(b)). The online database allows filtering individually for each of these parameters. For example, we observe more than 1.8 million pairwise hits (about 20% of the database) between domains that were previously assumed to be unrelated because they belong to different folds*.*Figure 1Fuzzle database construction and content. (a) Database construction. Domain sequences and structures from SCOP95 were used as input. Sequence profile HMMs were generated for each domain and compared all-against-all. Matches between pairs of domains were structurally superimposed. The sequence and structural data collected for each pair constitutes a hit, which is stored in Fuzzle, summing up to more than 8 million pairwise hits. (b) Contents of a hit. Each hit in Fuzzle contains information about the two domains (query and subject), start and end of the fragment they share, HHsearch probability, and RMSD, among others. (c) Distribution of hits according to their probability and TM-score. The majority of hits present probabilities below 35% but there is also a non-negligible portion of hits with high probability and TM-score. Hits in this upper right quadrant (probabilities \> 70% and TM-scores \> 0.3) were plotted with their probabilities *versus* lengths (d).Figure 1

Similarly to Alva *et al*. \[[@bb0095]\], we also observe a bimodal distribution for our dataset when plotting TM-score *versus* HHsearch probabilities ([Figure 1](#f0005){ref-type="fig"}(c)). Hits with high sequence and structural similarity reveal the presence of unrecognized homologous relationships between different folds (upper right quadrant in [Figure 1](#f0005){ref-type="fig"}(c)). While the work by Alva and colleagues focused on fragments ranging in length up to 38 residues, our search is not limited in length, as larger fragments could present interesting properties for protein design. We further explored the set of hits with probabilities over 70% and a TM-score higher than 0.3 ([Figure 1](#f0005){ref-type="fig"}(d)). When representing this set of hits according to their length and probability, we observe that most of the hits are relatively short (up to 40 amino acids). There are, however, a non-negligible proportion of hits of larger lengths (50--70 amino acids) and a few fragments over 100 amino acids.

These data are made available in an interactive web interface. The web server allows to individually filter the dataset and to create a customized analysis for domains of interest. The results can be visualized as tables, matrices, or graphs, and interesting domain pairs can be picked for structural superpositions to be shown ([Figure 2](#f0010){ref-type="fig"}). Documentation is provided to guide the user through the different views (fuzzle.uni-bayreuth.de/about/). Customized protein similarity networks can be downloaded as JSON files. The full database is also made available for download (fuzzle.uni-bayreuth.de/about/database). In this study, we use the SCOPe nomenclature \[[@bb0010]\]. For example, c.23.1.1 references the CheY-related family, where "c" represents the class, "23" represents the fold, "1" represents the superfamily, and the last "1" represents the family.Figure 2Snapshot of the Fuzzle website. Relationships between domains of the superfamilies c.23.1 and c.1.3 are shown in the graph on the left side. Domains are represented as nodes and similarities as links. The parameters for the links can be changed above the graph and the network can be downloaded. Upon clicking on one link the superposition between the two connected nodes, representing domains, is shown on the right side. Other presentation modes such as tables and matrices can also be chosen instead.Figure 2

The protein universe as a network {#s0020}
---------------------------------

Several approaches have been used successfully in representing the protein universe. The hierarchical classifications as mentioned above \[[@bb0005], [@bb0010], [@bb0015]\], Cartesian representations \[[@bb0145],[@bb0150]\] and networks \[[@bb0045],[@bb0050],[@bb0155],[@bb0160]\] all provide complementary ways to visualize protein space and study the similarity of protein domains therein. The Fuzzle database can also be represented as a similarity network in which nodes represent protein domains and links represent connections with similarities above a given threshold. Since these links represent protein fragments, it allows us to analyze high-scoring fragments in a global context and to explore the evolutionary relations of domains. Fragments that have been reused in evolution can be identified as individual sub-graphs or so-called components. These components enable us to quickly identify interesting fragments for design, as each component constitutes a set of domains from different folds that have a fragment in common. Fragments that are found in different protein contexts are expected to have an intrinsic advantage, e.g. in stability or foldability. Due to these properties, such fragments can be used as building blocks in protein design \[[@bb0065],[@bb0120]\].

### Clustering of the database hits {#s0025}

Fuzzle comprises 28,010 domains with a total of 8,109,195 pairwise hits between them. Thus, many domains show similarities to more than one other domain. However, these similarities may occur in different regions of a domain, and hence, a domain may share distinct fragments with other domains. To unravel this complication, we first started to cluster these regions. The process is illustrated in [Figure 3](#f0015){ref-type="fig"} with an example: domain d1jnfa2 \[[@bb0165]\] (transferrin), which belongs to the periplasmic-binding protein-like II domains (c.94.1.2; [Figure 3](#f0015){ref-type="fig"}(a)), appears in 12 hits with domains from other folds ([Figure 3](#f0015){ref-type="fig"}(b)). One can easily identify three areas that (i) are shared with domains of the flavodoxin-like fold (c.23), (ii) show a weak similarity to pre ATP-grasp domains (c.30), or (iii) are shared with domains of the knottins (g.3). Each alignment starts and ends at individual positions in the d1jnfa2 sequence. Using a density-based clustering method \[[@bb0170]\], these 12 regions can be grouped into three clusters ([Figure 3](#f0015){ref-type="fig"}(c)). We applied this procedure to the full dataset.Figure 3Clustering of the database. (a) Domain d1jnfa2 \[[@bb0165]\], a periplasmic-binding protein-like II (c.94) domain, was selected for this example. (b) Schematic representation of the 12 alignments in which d1jnfa2 appears. Domain d16vpa\_ is represented as a maroon box. Below appear the other domains ordered by their start position. SCOP families and probabilities are stated for each domain. Sequence positions where each alignment starts are depicted relative to d1jnfa2\'s sequence (20, 35, and 185). The coloring scheme is the same as in (c), where each alignment has been plotted according to start and end position. The length of each fragment is thus the distance to the diagonal. The 12 sequence regions were combined into three clusters, depicted within the d1jnfa2\'s structure.Figure 3

### Network construction and representation {#s0030}

Before constructing the network itself, Fuzzle hits are filtered using cutoffs for HHsearch probability, RMSD~TM~, TM-score, and alignment length. We pre-computed networks for several cutoffs of domains belonging to different folds (Figure S1). Networks with other parameters can also be computed dynamically on the Fuzzle website. In this article, we focus on a network filtered for a HHsearch probability of ≥ 70% (*P* value of 4.1 × 10^−5^), a length of 10 to 200 amino acids (based on the structural alignment), an RMSD~TM~ ≤ 3 Å, and a TM-score ≥ 0.3. We enforce that the hits contain domains from different folds. Because TM-align finds the optimal superposition inside the sequence alignment, the TM-alignments can end up being considerably shorter than the original sequence alignments. Hence, we further restricted the sequence alignments length to be at most 25% larger than the structural superposition. This filtered dataset contained 208,944 hits in total.

As described in "Clustering of the database hits," these hits are clustered according to their regional position within a domain. This extra procedure is necessary since a protein domain might contain several distinct regions/fragments: each of these fragments might be shared with other domains that are not related to each other. The clustering ensures that all the hits in a domain can be categorized according to the regions they are involved in. For example, for a domain termed A, cluster A1 could span residues 3--50, while cluster A2 residues 110--190. Therefore, although the domain remains the same, fragments A1 and A2 belong to different clusters ([Figure 3](#f0015){ref-type="fig"}). Our analysis resulted in 24,999 unique clusters, each containing fragments that are shared across different folds. In the network, domains are depicted as nodes that are linked whenever they have a fragment in common. Please note that since a domain might contain several distinct fragments, a domain can occur multiple times in the network (c.f. [Figure 3](#f0015){ref-type="fig"}). However, the similarity network ensures that it is transitive: this means if domain A is linked with B and domain B is linked with domain C, then all three domains contain the same fragment.

### The occurrence of common fragments in protein domains {#s0035}

The network is undirected (the links have no direction), unweighted*,* and each pair of nodes is at most connected by one link between them, thus being a so-called simple network ([Figure 4](#f0020){ref-type="fig"}). Overall, 8288 unique domains are represented as 24,999 nodes with 162,852 links. More than 50% of the domains occur at least two times in the graph due to the fact that they contain different distinct fragments (c.f. 2.1). Domains from all seven SCOP classes are contained in the network with varying proportions (16.3% all-α, 13.3% all-β, 45.2% α/β, 15.3% α + β). Since there is not always a path between nodes in the graph, the network is disconnected ([Figure 4](#f0020){ref-type="fig"}(a)). In fact, our intention was to build a disconnected network, each island-like subgraph represents a set of domains that share a common fragment. In network theory, these subgraphs are termed *connected components* or simply *components*. The component that contains the greatest number of nodes is termed *major component*. Throughout this work, we label these components as a numbered fragment (e.g. "fragment 0"), since all the nodes (domains) in a component contain the same protein fragment. The network contains 1337 components or fragments that cover 519 folds with lengths ranging from 11 to 198 amino acids. The mean number of links per component, excluding the major component, is 6.5 (median, 3.0).Figure 4(a) Network representation of the dataset. Each node represents a domain. Each domain is colored according to its SCOP class. The links connect domains that have a fragment in common. Since a domain might contain several distinct fragments, it can appear several times in the network. Cutoffs to build this network were: probability \> 70%, RMSD~TM~ \< 3 Å, TM-score \> 0.3, and the length of the sequence alignment was at most 25% larger than the structural alignment. (b) A closer view to the major component (fragment 0) and the folds that populate it in its different regions. Labels indicate where the relationships between two folds occur, for example, c.1--c.23. Note that most connections occur with the Rossmann fold (c.2) in the blue region and with the DNA/RNA-binding 3-helical bundle (a.4) in the orange region. The largest distance between any two pair of nodes in this network is 21.Figure 4

In network theory, the neighbors of a node are those nodes that are directly connected *via* links. The degree of a node is computed as the number of links of a node to others. Because our graph is simple, i.e. two nodes can be at most connected by one link, the degree of a particular node is equal to the number of neighbors it has. We computed the node degree for each node in the network and observed that most nodes present a low degree, with a median of 2 degrees/neighbors per node. However, a very small number of nodes show a very high degree. These nodes, which present a degree greatly above the average, are termed hubs. In this case, the top 2% of most connected nodes possess 80% of the graph links. Indeed, the degree distribution of the network is highly right-skewed (Figure S2). This power-law distribution behavior is observed in different fields, such as in social networks \[[@bb0175]\], in the network of the World Wide Web \[[@bb0180]\], and more specifically in the reuse of protein segments of different lengths \[[@bb0155],[@bb0185],[@bb0190]\]. The 10 hubs with the highest degree belong to the folds c.5, c.3, c.111, and c.4; all of which are contained in the major component (Table S1). The four most connected domains belong to fold "c.5" and correspond to the N-terminal domain of UDP-*N*-acetylmuramate-LL-alanine ligase MurC, a bacterial protein involved in cell wall formation \[[@bb0195]\] that has been the object of pharmaceutical research as a target for antibacterial compounds \[[@bb0200]\]. Although a high connectivity with a large number of nodes gives an impression of structure reusability, it could also be the result of many connections between two folds with very similar topology, such as c.2 (Rossmann-like domains) and c.5 (MurC N-terminal domains). We therefore looked for "promiscuous" nodes, i.e. those with the largest variety of folds among their neighbors (Table S2). Out of these 10 most "promiscuous" nodes, we found that the first 4 are also the four most connected ones, but that the other 6 nodes do not present such high degrees. For instance, the domain of the anti-repressor SinI (d1b0nb\_ \[[@bb0205],[@bb0210]\], fold a.34) is connected to 18 different folds (Table S2), although presenting a low degree (with 106 neighbors). The sinI anti-repressor protein consists of a helix-turn-helix motif (HTH), a recurrent structural motif capable of binding DNA that is present in many folds in the all-α SCOP class.

In addition to the presentation of the network in [Figure 4](#f0020){ref-type="fig"}, we added a simplified graph on the web server for better viewing ([fuzzle.uni-bayreuth.de/fragments/network](https://fuzzle.uni-bayreuth.de/fragments/network){#ir7005}): while the nodes in this manuscript always represent domains, the nodes in the graph on the web server initially show the identified components. Upon clicking on a node, it expands to show the domains contained in one of them (Figure S6).

### More than half of the protein universe is connected {#s0040}

The most connected and promiscuous nodes exclusively belong to the major component that we denote as "fragment 0." With 14,856 nodes, it contains 59.4% of all the nodes of the network ([Figure 4](#f0020){ref-type="fig"}(b)). Most of the folds in this component belong to the all-α (19.0%) or α/β (73.6%) class. In general, a fragment shared among domains in a single component only slightly deviates in length and sequence. The largest length deviation occurs in "fragment 42," which contains 598 domains with an average length of 25 ± 11.4 amino acids. In contrast, "fragment 0" has an average alignment length of 49.3 ± 25.5 amino acids as a consequence of small alignment differences accumulating through the network construction over long distances. Due to this behavior, we do not to show an average structure of the fragment in this large component. However, this is not an artifact due to an over-representation of domains in the all-α and α/β classes, since we also find larger components when randomly sampling 1000 domains from each class (Figure S3). It is neither an artifact of the choice of cutoffs; regardless of the chosen cutoffs, we observe always two large all-α and α/β components that are sometimes linked (Figure S1). We also changed the density-based clustering method to an overlapping function. Here, "fragment 0" only disintegrated to smaller entities when forcing the hits to overlap 100% (Text S1, Figure S4).

Our analysis shows a robust behavior of the protein network. It decomposes into two well-defined regions, a sparse and a dense, well-connected region. This has been also observed in previous publications \[[@bb0050],[@bb0215],[@bb0220]\]. The data further suggest that the all-α and α/β class fragments might have been more successfully reused in evolution and, thus, are interesting targets for protein design by recombination.

The network analysis indicates that the two large all-α and α/β regions are connected. In total, there are 461 links connecting domains of the all-α and α/β SCOP classes, which comprise 22 different fold pairs including 8 all-α and 15 α/β folds (Table S3). While many of these connections are spread over the major component of the network, three of them mainly facilitate the link between the two regions (Figure S5). The connection with the most links occurs between the P-loop containing nucleoside triphosphate hydrolases (c.37) and the DNA-binding SAM domain-like fold (a.60). Remarkably, these folds have been described as being some of the most ancestral \[[@bb0225]\]. The alignments between these two folds are short, with an average length of 22 amino acids and average RMSD~TM~ of 2.1 Å. The fragment corresponds to an α-helix that connects with a loop and the beginning of a second α-helix (a.60) or a β-strand (c.37).

### Examples of prominent fragments {#s0045}

"Fragment 0," the major network component, represents 142,040 links, which connect 490 different fold pairs, belonging to 162 different folds. The 20 most frequent fold pairs accumulate 72% and 86% of the total component nodes and links, respectively (Table S4). Three examples of these fold pairs are highlighted in [Figure 5](#f0025){ref-type="fig"}.Figure 5Examples for highly connected folds in the major component. (a) Highlighted regions show frequently connected nodes in the major component. In region ① and ②, the highly connected folds c.23 and c.1 are shown. Region ③'s links belong to pairs from the folds c.65 and c.2. In region ④, the links of the folds a.35 and a.4 are shown. (b) Examples for the four regions defined in (a). Each case shows a query (blue, left) and subject (green, right) and an overlay of the fragments they have in common (middle). ID 1 shows a special case where secondary structural elements in the fragment show sequence similarities but do not superimpose in the current folds (discrepancies shown in red).Figure 5

For instance, we find the previously studied relationships between (βα)~8~-barrel and flavodoxin-like fold proteins \[[@bb0055],[@bb0060],[@bb0090]\]. Interestingly, domain pairs belonging to these folds populate two distinct regions in the network ([Figure 5](#f0025){ref-type="fig"}(a), regions 1 and 2, light green). For example, domain d3eula\_ \[[@bb0230]\], a CheY-like protein from *Mycobacterium tuberculosis* (c.23.1), and d3jr2a \[[@bb0235]\], a ribulose-phosphate binding barrel from *Vibrio cholerae*, have two fragments in common that correspond to the two halves of the (βα)~8~-barrel ([Figure 5](#f0025){ref-type="fig"}(b), ID 1 and 2). This agrees with previously published work showing that the (βα)~8~-barrel fold arose through the duplication and fusion of a half-barrel like fragment \[[@bb0060],[@bb0115],[@bb0240]\]. We have investigated the relationship of (βα)~8~-barrel and flavodoxin-like protein fragments in detail \[[@bb0055],[@bb0060],[@bb0090]\]. Sometimes secondary structural elements are present in the sequence alignment that are not in the same spatial arrangement due to different structural constraints ([Figure 5](#f0025){ref-type="fig"}(b), red helices in ID 1).

Additionally, we highlight hits between Rossmann (c.2) and formyltransferase-like folds (c.65), which appear in two discrete areas in the center of the network ([Figure 5](#f0025){ref-type="fig"}, region 3). The hits in these areas are of different lengths, with means of 33.4 and 80.5 residues. However, both start in the N-terminal region of the domains. This may indicate either a duplication/differentiation of an ancestral, smaller sub-fragment, or at least two independent evolutionary events that formed the two folds from each other. Note that the smaller fragments in particular show hits with identities well above the significance value for this alignment length (\> 30% \[[@bb0245]\]). In [Figure 5](#f0025){ref-type="fig"}(b) (ID 3), we show a 32-amino-acid-long βαβ-motif with 46% identity that occurs in human 10-formyltetrahydrofolate 2 dehydrogenase (d2bw0a2, c.65.1 \[[@bb0250]\] and the ketopantoate reductase PanE domain (d1yjqa2, c.2.1 \[[@bb0255]\]).

Another example is the most frequently observed connection among all-α domains between the DNA/RNA-binding 3-helical bundles (a.4) and the lambda repressor-like DNA-binding domains (a.35) ([Figure 5](#f0025){ref-type="fig"}(a), region 4), which corresponds to the "fragment 1" discussed in the work by Alva and colleagues \[[@bb0095]\]. In [Figure 5](#f0025){ref-type="fig"}(b) (ID 4), we show a 23-amino-acid-long HTH-motif that is shared between a lambda repressor-like DNA bonding domain (glucose-resistance amylase regulator CcpA d2jcga1, a.35.1 \[[@bb0260]\] and a C-terminal effector domain of the bipartite response regulators (d3ulqb\_, a.4.6 \[[@bb0265]\]). The fragment corresponds to the DNA-binding HH motif, which has been widely studied in the past \[[@bb0270], [@bb0275], [@bb0280], [@bb0285], [@bb0290]\].

Some of the other fold-pairs in Table S4 have also been studied previously. For example, the two most frequent fold-pair interactions correspond to those between c.2 (NAD(P)-binding Rossmann-fold domains) and c.3 (FAD/NAD(P)-binding domain), and between c.2 and c.66 (*S*-adenosyl-[l]{.smallcaps}-methionine-dependent methyltransferases). Direct connections between c.3 and c.66 also occur but are less frequent (360 links). Recently, Laurino *et al*. \[[@bb0295]\] reported that these three folds present a common ribose binding site at the tip of the second Rossmann fold β-strand. Our analysis further indicates that today\'s Rossman-fold enzymes, which are able to bind SAM, NAD, and FAD cofactors, have a common origin.

In another example, Russell *et al*. \[[@bb0300]\] reported similarities between the histidine phosphocarrier protein kinase (c.91) and the phosphoenolpyruvate carboxykinase (c.37). They showed that these two proteins differ from other P-loop containing proteins no more than they differ from each other. The structure-based sequence alignment spanned over 89 residues with 19% identity. With 5804 links between nodes of these two folds, this connection is the fifth most common in the major component (Table S4), supporting thereby Russell\'s work.

Last but not least, we find over 1000 connections between the ribokinase (c.72) and the NAD(P)-binding Rossmann-folds. These similarities between proteins of these folds have been previously described by Manoj *et al*. \[[@bb0305]\] when they solved the structure of phosphopantothenoylcysteine synthetase, a member of the c.72 fold.

### The network illustrates several evolutionary processes {#s0050}

We compared our fragment dataset to the one of Alva *et al*., to which we will refer as peptides. We expected our fragments to include many of the peptides in this work, as the main differences in methodology are only the input database (SCOP30 2.03) and no restriction to fragment lengths. Indeed, we find 37 out of the 40 peptides from Alva *et al*. \[[@bb0095]\] The missing three peptides did not pass our probability cutoff. In many cases, we find that these peptides are present not only in one of our fragments but in a collection of fragments of differing length. To exemplify this, we chose peptide 32 \[[@bb0095]\], a βαβ-motif present in the c.95 (theolase-like) and c.55 (ribonuclease H-like motif) folds ([Figure 6](#f0030){ref-type="fig"}). We found other fragments between these two folds that consist of the central βαβ-motif but extended on both termini. Some of these fragments might have been extended *via* duplication or decorations of smaller sub-fragments ([Figure 6](#f0030){ref-type="fig"}). This observation matches the notion that protein fragments are reused at different lengths, which has recently been studied by Nepomnyachiy *et al*. in detail.Figure 6Common fragments in superfamilies c.95.1 and c.55.1. The first fragment in the series (1) has been previously reported \[[@bb0095]\] with a length of \< 30 amino acids. We detected other fragments (numbers 2--6) shared by these superfamilies that have the same conserved core motif ①. The core motif is shown in white in examples 2--6, while the respective extensions are highlighted in blue and pink, which may have been added *via* duplication or differentiation and decoration.Figure 6

Besides duplication and differentiation, we also found several cases of fragment recombination. When Alva *et al*. \[[@bb0095]\] studied this phenomenon their dataset did not initially indicate any domain that simultaneously contained two or more of the peptides in the set. Although the reasons remain unclear, it is plausible that (i) many fragments embody dominant cores that guide folding and (ii) that the combination of two compatible fragments puts them under evolutionary pressure, forcing one to adapt quickly to the new environment. When the authors relaxed the similarity criteria for one of the fragments following the second hypothesis, they found several instances of recombination.

In our dataset, we do find several domains that contain at least two of the 1337 identified fragments. Specifically, we looked for domains that contained two different fragments with lengths over 40 amino acids in non-overlapping regions. A total of 1155 domains fulfilled these criteria. Two examples are shown in [Figure 7](#f0035){ref-type="fig"}. The first example is the chemotaxis response regulator (CheY-3) like domain d3hzha\_ from the flavodoxin-like fold (c.23; [Figure 7](#f0035){ref-type="fig"}(a)). The two fragments cover the five β-sheets dividing the flavodoxin into two halves. The N-terminal fragment is shared with a methionyl-tRNA formyltransferase (d1xg9a3) from the formyltransferase fold (c.65), a fragment that is contained in the major component of the network ([Figure 5](#f0025){ref-type="fig"}). The fragment is composed of a αβα-sandwich with three parallel strands. The C-terminal fragment on the other hand is found in a ribulose--phosphate binding barrel domain (d5a5wa\_) from the (βα)~8~-barrel fold (c.1) \[[@bb0310]\]. This fragment is a (βα)~2~-motif corresponding to the fourth quarter barrel, a relationship that has been described in the past \[[@bb0060],[@bb0065],[@bb0090]\].Figure 7Domains indicating recombination of two fragments. Domains in the center combine two different conserved fragments (blue and green). (a) The flavodoxin CheY-like domain consists of fragments also found in fold c.65 (formyltransferases, in blue) and c.1 (TIM-barrels, green). (b) The TPR-like domain contains two fragments also found in fold a.4 (spectrin repeat-like, in blue) and e.61 (ImpE-like, green).Figure 7

The other example corresponds to a tetratricopeptide repeat (TPR)-like domain (d1ihga1, a.118.8), which contains seven helices of variable lengths comprising three TPR-motifs \[[@bb0315]\]. The N-terminal fragment comprises a longer helix (calmodulin binder) and one TPR-motif. We also find this fragment in domains of the microtubule interacting and trafficking (MIT)-domain superfamily (d4u7ya\_, a.7.14), a trihelical structural fold that binds MIT-interacting motifs \[[@bb0320]\]. A study already described the structural similarities between MIT-domains and the first three helices of the TPR domain, suggesting that the MIT-interacting motif completes the missing fourth TPR helix \[[@bb0325]\]. The C-terminal fragment also occurs in the ImpE-like fold (e.61). Taking together, TPR-domains have been the subject of studies in the past, as they present a model of protein evolution *via* peptide amplification. Recently, a stable TPR-domain was built *via* amplification of an intrinsically disordered peptide from an ancient ribosomal protein hairpin \[[@bb0330]\], illustrating that a TPR-domain can be built through the amplification of TPR-motifs \[[@bb0335]\]. With the example in [Figure 7](#f0035){ref-type="fig"}(b), one could argue that these two fragments are remote homologs since they both contain TPR-motifs. Certainly, we found that many of the domains have smaller-sized fragments in common, such as the TPR-motif. These findings reiterate again the notion that the reuse of protein sequences is a phenomenon occurring at all lengths \[[@bb0340]\] ([Figure 6](#f0030){ref-type="fig"}).

The examples above illustrate how the network analysis allows us to view protein space from an evolutionary perspective. We can observe how different classes and folds are connected to each other *via* homologous fragments. What we observe is that few fragments seem to have been widely reused.

### Implications for protein design {#s0055}

The identification of different fragments in the same domain indicates that proteins can be built through recombination of such pieces. This observation provides great potential for protein design. Fragments that appear in thousands of domains give plenty of opportunities as each of the domains appears with slightly different sequences and functions. In fact, one of the motivations for creating the Fuzzle database was to detect cases such as those in [Figure 7](#f0035){ref-type="fig"} and to identify useful building blocks for protein design. This is the reason why we also include less stringent criteria for fragment definition in our study. The design of stable and functional proteins has proven to be still very challenging to date \[[@bb0345]\]. There are by now a couple of successful examples for *de novo* designed protein structures \[[@bb0350], [@bb0355], [@bb0360], [@bb0365]\]. However, the design of proteins *via* fragment duplication and recombination, i.e. mimicking the natural mechanisms of protein evolution, has met a broader range of success. The design of symmetric protein structures through duplication of the same fragment has succeeded in the design of TIM-barrel \[[@bb0115],[@bb0370], [@bb0375], [@bb0380]\], β-trefoil \[[@bb0105],[@bb0385],[@bb0390]\], β-propeller \[[@bb0395],[@bb0400]\], TPR-proteins \[[@bb0330]\], Armadillo-repeat proteins \[[@bb0405], [@bb0410], [@bb0415]\], and outer-membrane β-barrel folds \[[@bb0420]\]. The design *via* recombination has also been effective. In a set of two pioneering studies, Riechmann and Winter obtained folded proteins through recombination of polypeptide segments \[[@bb0425],[@bb0430]\]. The design of TIM-barrels through the combination of TIM-barrel and flavodoxin-like fold fragments has also proven successful \[[@bb0060],[@bb0120]\]. While the design *via* recombination is fairly new, it provides an alternative to classical design approaches. The added benefit of this approach is that individual fragments can contribute their unique functional properties to the chimeric protein. Larger fragments, often bearing a hydrophobic core and presenting functionality, presumably offer a better starting point as building blocks. This offers tremendous opportunities for the design of custom-made proteins and provides an interesting, alternate, and generalizable route for design.

Conclusion {#s0060}
==========

It has been shown that contemporary proteins have arisen *via* the replication, differentiation, and recombination of smaller subdomain-sized fragments. We previously identified one of these fragments and used it in the design of novel chimeric proteins *via* heterologous recombination \[[@bb0060],[@bb0065],[@bb0090]\]. Motivated by these results, we extended our search to the full protein universe to identify many more of such fragments. A high-throughput profile HMM-HMM comparison led to a set of more than 8 million hits among more than 28,000 domains. These raw data were stored in the Fuzzle database that is accessible *via* a dynamic web interface ([fuzzle.uni-bayreuth.de](https://fuzzle.uni-bayreuth.de){#ir7020}). By analyzing Fuzzle *via* similarity networks, we obtain a global picture of protein evolution and discern as yet unrecognized relationships between folds. These data are made available to the general user and can be filtered to their needs.

Overall, we identified 1337 fragments of varying lengths, ranging from 11 to 229 amino acids, with an average of 64. They populate many folds: from the 1221 folds available in the SCOP/Fuzzle database, the identified fragments cover 519. Interestingly, our fragments include most of the folds that are considered to be ancient. In particular, from the 24 folds proposed to be the most ancient by Caetano *et al*. \[[@bb0225]\], we find our fragments in all but two. This enrichment toward ancient folds supports the idea that the identified fragments arose early in the origin of folded proteins and, due to their reuse in the course of evolution, are today spread across the protein universe.

Since the same fragments are frequently found in the most ancestral folds as well as more recent protein scaffolds, they might have been reused successfully during evolution due to their intrinsic properties, such as foldability, stability, and functionality. This provides opportunities for the design of proteins, because recombination of stable, independent fragments that contribute unique functional properties can provide a tremendous advantage. For example, in the CheYHisF chimera, the properties inherited from the parents were easily evolvable, and thus, the recombination of fragments provides a good starting point for the design of more complex functionalities \[[@bb0435]\]. Therefore, we believe that the Fuzzle database and webserver offer invaluable tools for evolutionary studies as well as for the design of custom-made proteins.

Materials and Methods {#s0065}
=====================

Fuzzle database {#s0070}
---------------

The database contains all structures from the SCOP95 2.06 database clustered for 95% sequence identity. Protein sequences were retrieved from the corresponding ASTRAL dataset \[[@bb0440]\]. For each domain, we constructed a multiple sequence alignment using PSI-BLAST \[[@bb0070]\] taking the nr20 database as representative dataset of protein sequence space \[[@bb0445]\]. We then created a profile HMM for each entry, which was compared pairwise against all the other entries using HHsearch \[[@bb0085]\]. Default parameters were used. However, to avoid bias introduced by secondary structure content, structure scoring was switched off. Pairs of domains constituting an alignment were superimposed with two different procedures: (i) by calculating the RMSD strictly using only residues aligned in the pairwise sequence alignment (RMSD~Seq~) and (ii) by using TM-align \[[@bb0140]\] to allow a structure-based superposition of the protein fragments identified by the sequence alignment (RMSD~TM~). Altogether the Fuzzle database contains 8,109,195 hits involving 28,010 unique domains.

Construction of the network {#s0075}
---------------------------

First, we clustered each domain in the Fuzzle database according to the start and end of the sequence alignment. We used the density-based clustering method DBSCAN, the epsilon radius was set to 3 and the minimum cluster size to 1 \[[@bb0170]\]. After clustering, each Fuzzle hit was expanded to include the cluster id to which the two domains belong.

We then constructed a matrix of hits that passed certain cutoffs. Namely, we filtered hits with pairs belonging to different folds, a probability of \> 70% (which equals a *P*-value of 4.1 × 10^−5^), a length between 10 and 200 residues, and RMSD~TM~ \< 3 Å, and a TM-score ≥ 0.3. We further allowed the sequence alignments to be at a maximum 25% larger than the structural alignments. This final subset contained 208,944 pairwise hits, with 8288 unique domains belonging to 24,999 different clusters.

To build the network, we iterated over these pairwise hits and placed a node for each of the 24,999 cluster domains. We linked two nodes whenever the cluster domains they represent appear in the same pairwise hit. The network thus contained 24,999 nodes and 162,852 links. The network is simple, undirected, and disconnected, and therefore presents several subgraphs or connected components. By definition, each component represents a fragment that is shared among domains that belong to different folds. These parameters led to 1337 independent components or fragments.

Web server {#s0080}
----------

The Fuzzle webserver is based on the Django framework (version 1.11). The website interface is designed with Javascript and the style relies on the bootstrap framework (version 4.0). The data are stored in PostgreSQL relational databases. Other software technologies used include JQuery ([jquery.com](https://jquery.com){#ir1020}), graph_tool ([raph-tool.skewed.de](https://graph-tool.skewed.de/){#ir1025}, Datatables ([datatables.net](https://datatables.net/){#ir1030}), D3js ([d3js.org](https://d3js.org/){#ir1040}) \[[@bb0450]\], and the NGL viewer \[[@bb0455]\]. The webserver allows to individually filter the dataset and to create a customized network analysis for folds of interest. A documentation is provided to guide the user through the different views ([fuzzle.uni-bayreuth.de/about/](https://fuzzle.uni-bayreuth.de/about/){#ir1045}). Customized protein similarity networks can be downloaded as JSON files. The full database is available for download ([fuzzle.uni-bayreuth.de/about/database](https://fuzzle.uni-bayreuth.de/about/database#download){#ir1050}).

Appendix A. Supplementary data {#s0095}
==============================
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